Abstract
remain at roughly the same temperature and lift under global warming. 9 Here the authors test the hypothesis in numerical simulations run on an aquaplanet general 10 circulation model (GCM) and a coupled atmosphere-ocean GCM (AOGCM). The extratropical 11 cloud top height, wave driving, and lapse-rate tropopause all shift upwards but remain at roughly the 12 same temperature when the aquaplanet GCM is forced by uniform surface warming of +4K, and 13 when the AOGCM is forced by RCP8.5 scenario emissions. "Locking" simulations run on the 14 aquaplanet GCM further reveal that: 1) Holding the water vapor concentrations input into the 15 radiation code fixed while increasing surface temperatures strongly constrains the rise in the 16 extratropical tropopause whereas 2) increasing the water vapor concentrations input into the 17 radiation code while holding surface temperatures fixed leads to robust rises in the extratropical 18 tropopause. 19 Together, the results suggest that roughly invariant extratropical tropopause temperatures 20 constitutes an additional "robust response" of the climate system to global warming. clouds in the extratropics (e.g., Wetherald and Manabe 1988; Zelinka et al. 2012 Zelinka et al. , 2013 . In this paper 10 we test the hypothesis outlined in Thompson et al. (2017) in a series of numerical experiments. We 11 begin with a brief review of the underlying physics. 12 
13
Physical basis 14 At steady-state and on large (i.e., quasi-geostrophic) scales, the transformed Eulerian mean 15 (TEM) thermodynamic energy and zonal momentum equations can be expressed as: 16 17 1) fv and the zonal-mean diabatic cooling (due to, say, clear-sky radiative cooling). The residual zonal- 8 mean diabatic cooling presumably derives from clear-sky radiative cooling.
9
The largest values of climatological-mean EP flux convergence (and thus equatorward eddy 10 fluxes of PV) are located near the level of the midlatitude extratropical tropopause (Fig. 1, shading ).
11
The resulting westward torque is balanced by the Coriolis acceleration acting on poleward residual 12 motion in the midlatitude upper troposphere (Eq. 1; Fig. 1 , contours). The poleward motion is, in 13 turn, accompanied by downward motion in the mid-high latitude troposphere, and the downward 14 motion at high latitudes is balanced by atmospheric radiative cooling (Eq. 2). 15 The linkages between the EP flux divergence, the overturning residual circulation, and 16 radiative cooling are generally viewed in the context of forcing by the wave drag: The larger the wave 17 drag, the larger the amplitude of the residual circulation and thus of the dynamical heating and 18 radiative cooling at high latitudes. From this perspective, the depth of the region of largest mixing in 19 the extratropics -i.e., the depth of the extratropical troposphere -is constrained by the dynamics of 20 baroclinic instability (the "dynamical constraint"; Held 1982; Schneider 2004 ). The results in 21 Thompson et al. (2017) suggest that the depth of vigorous mixing in the extratropics is also 22 constrained by the vertical structure of clear-sky radiative cooling. The reasoning is as follows.
23
In sinking regions of the atmosphere, Q (Eq. 2) is dominated by water vapor radiative Here we explore the effects of water vapor radiative cooling on the global-scale circulation in an 4 aquaplanet GCM.
5
The details of the experiments are as follows:
6
• The Tctl simulation was forced with the idealized, equatorially symmetric "Qobs" SST profile The hypotheses are also explored in numerical output from the Institute Pierre-Simon Pathway (RCP) 8.5 scenario run (i.e., the run forced with the RCP8.5 future anthropogenic forcing).
13
The differences between the two runs represent the circulation response to 21st century forcing. 
Observations

19
The observational analyses shown in Figure 1 The T+4K and Tctl simulations differ only in the SSTs prescribed as the lower boundary 19 condition, thus the differences between the two allow us to test whether the extratropical 20 tropopause (and thus mixing by large-scale extratropical variability) lifts globally in a manner 21 predicted by the physics outlined in the Introduction. 22 
Experiment Sets 2 and 3): The differences between the T+4KWctl and Tctl Wctl simulations (Set 2) and between the Tctl W+4K and Tctl Wctl simulations (Set 3).
1
The T+4KWctl and Tctl W+4K "locking" experiments isolate the role of water vapor radiative 0.07 cloud fraction isopleth). The EP flux convergence is largest -i.e., the torque due to wave drag is 10 largest westward -in the upper extratropical troposphere between ~300-500 hPa (Fig. 3g ).
11
Increasing SSTs by 4 K leads to widespread increases in clear-sky radiative cooling in the 12 upper troposphere (Fig. 3b) . The changes in clear-sky cooling rates are weaker in the middle 13 troposphere than they are near the tropopause ( Fig. 3b; shading) , presumably because the water 14 vapor absorption bands are already opaque to terrestrial radiation in the Tctl simulation. The increases 15 in clear-sky radiative cooling lead to a lifting of the level where the clear-sky radiative cooling 16 decreases rapidly with height ( Fig. 3b ; contours) and thus also in the levels of largest clear-sky mass 17 flux divergences (Fig. 3d) . Importantly, the upward shifts in the levels of vanishing clear-sky the stratosphere (Fig. 5a ), enhanced long-wave cooling in the upper troposphere (Fig. 5g) , and an 2 upward shift of the regions of largest clear-sky mass flux divergence (Fig. 5j ), cloud fraction (Fig.   3 5m), EP flux divergence (Fig. 5p ) and the lapse rate tropopause (Fig. 4g ). ( Fig. 5g) are due primarily to the increases in atmospheric temperatures (Fig. 5h) . But the lifting of Other experiments 11 We conducted a series of additional fixed SST aquaplanet experiments that test whether: 1) 12 The absence of stratospheric ozone in the Tctl and T+4K simulations leads to even smaller changes in 21 The results in the previous section suggest that the depth of mixing by extratropical Increasing atmospheric greenhouse gases leads to warming throughout the troposphere that peaks in 7 the tropics around 200 hPa, and widespread increases in specific humidity that peak in the lower 8 tropical troposphere. As is the case in the aquaplanet simulations, the 220 K isotherm and 0.5 g/kg 9 isopleth lift by ~50 hPa across the globe (black contours). In a recent study, we argued that the Clausius-Clapeyron relation also leads to a robust The Clausius-Clapeyron relation may thus be viewed as providing a "thermodynamic 17 constraint" on tropopause temperature and height that acts in conjunction with the "radiative and 18 dynamical constraints" described in Held (1982) . The radiative constraint defines the tropopause as 19 the lowest level at which the atmosphere is in radiative equilibrium. Hence the tropopause height 20 can be calculated from radiative-convective equilibrium given the tropospheric lapse rate (Held 21 1982). One form of the dynamical constraint requires that the tropospheric lapse rate be neutral to 22 both convective and -in the middle latitudes -baroclinic instability (Held 1982 ; Zurita-Gotor and We explored three primary sets of simulations run on the aquaplanet GCM: 1) A simulation 8 forced with increases in SSTs; 2) a "locking" simulation forced by increasing SSTs while holding 9 fixed the amount of water vapor input into the radiation code; and 3) a "locking" simulation forced 10 by increasing the amount of water vapor input into the radiation code while holding fixed SSTs. We simulations, even though they extend to higher levels in both simulations. but -according to our hypothesis -little change in tropopause temperatures. 20 The most pronounced differences in the extratropical circulation when the meridional temperature kg/s (200-100hPa), 2 x 10 -9 kg/s (100-50hPa), 1 x 10 -9 kg/s (50-25hPa), and 0.5 x 10 -9 kg/s (25-10hPa). 
Implications for climate change
